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The T-cell antigen receptor (TCR) �-chain (TCR�) is a type I
integral membrane protein that becomes ubiquitinated and
targeted to the endoplasmic reticulum (ER)-associated deg-
radation (ERAD) pathway when it fails to assemble into the
heteromeric TCR complex. Remarkably, TCR� has a cytosolic
tail of only five amino acid residues (i.e. RLWSS), none of which
is the conventional ubiquitin acceptor, lysine. Herein we report
that substitution of two conserved serine residues in the cyto-
solic tail of TCR� to alanine decreased ubiquitination, whereas
placement of additional serine residues enhanced it. Moreover,
replacement of the cytosolic serine residues by other ubiq-
uitinatable residues (i.e. cysteine, threonine, or lysine) al-
lowed ubiquitination to take place. Serine-dependent ubiq-
uitination perfectly correlated with targeting of TCR� for
ERAD. We also found that this ubiquitination was mediated
by the ER-localized ubiquitin ligase, HRD1. These findings
indicate that serine-dependent,HRD1-mediated ubiquitination
targets TCR� to the ERAD pathway.

Newly synthesized proteins that are translocated into the
lumen of the endoplasmic reticulum (ER)2 or integrated into
the ER membrane undergo a series of post-translational events,
including covalent modifications, folding of their polypeptide
chains and assembly into oligomeric complexes, prior to their
export from the ER to theGolgi complex. Failure of any of these
processes most often results in retention of the proteins in the
ER, followed by their targeting to the ER-associated degrada-
tion (ERAD) pathway (1, 2). ERAD starts with the recognition
of abnormal features of the proteins, which triggers their
covalent modification with ubiquitin (Ub) and retrotranslo-

cation through or dislocation from the ER membrane into the
cytosol (3–5). The ubiquitinated proteins are subsequently
degraded by the 26 S proteasome.
Protein ubiquitination is a widespread modification that

regulates many cellular processes in addition to ERAD. The
general process of ubiquitination involves a cascade of three
types of enzyme (6). First, an ubiquitin-activating enzyme
(E1) activates Ub by forming a thioester bond between an
active site cysteine of the E1 and aC-terminal carboxyl group of
Ub. Next, Ub is transferred to an active site cysteine of an ubiq-
uitin-conjugating enzyme (E2). Inmammals, three E2s, Ube2j1,
and Ube2j2 (yeast Ubc6p homologs), and Ube2g2 (yeast Ubc7p
homolog) have been implicated in ERAD (7). Finally, the
charged E2 binds to an Ub ligase (E3) that facilitates transfer of
Ub to a substrate by formation of an isopeptide bond between
primary amine groups of lysine residues or the N terminus of
the substrate and the C-terminal carboxyl group of Ub. In
mammals, at least five E3s that are localized to the ER mem-
brane (i.e. HRD1, GP78, TRC8, RMA1, and TEB4) have been
implicated in ERAD of different substrates (7, 8). Ub itself can
be ubiquitinated on several of its lysine residues, leading to
the formation of polyubiquitin chains attached to the sub-
strate (9, 10).
Recent studies have shown that Ub can be conjugated to

cysteine, serine, and threonine residues in addition to lysine
residues or the N termini of proteins (11, 12). Conjugation to
cysteine involves the formation of a thioester bond between the
cysteine sulfhydryl and the C terminus of Ub (11, 13). In the
case of serine and threonine, a hydroxyester bond is formed
between the amino acid hydroxyl and the C terminus of Ub (12,
14). For example, an N-terminal fragment of the cytosolic/mi-
tochondrial protein Bid undergoes ubiquitination on cysteine
and serine residues, leading to its proteasomal cleavage and
consequent liberation of the proapoptotic Bid C-terminal frag-
ment (15). The peroxisomal import receptor, Pex5p, is also
ubiquitinated at a cysteine residue, a modification that in this
case is required for its recycling from the peroxisome lumen to
the cytosol (16, 17). Furthermore, the MIR1 E3 encoded by
Kaposi’s sarcoma-associated herpesvirus induces ubiquitina-
tion of cysteine and lysine residues in the cytosolic tail of the
MHC class I (MHC-I) heavy chain, triggering its down-regula-
tion through endocytosis from the plasma membrane (11, 18).
Finally, the mK3 E3 ligase of murine herpesvirus MHV-68
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mediates ubiquitination on serine, threonine, and lysine resi-
dues within the cytosolic tail of MHC-I heavy chain, targeting
the protein for ERAD (12, 14). Despite the growing number of
examples of non-lysine ubiquitination, it remains to be deter-
mined whether this modification is sufficient for ERAD target-
ing and whether there are cellular E3s that can mediate it.
The �-chain of the T-cell antigen receptor complex (TCR�)

is one of the earliest identified and most thoroughly character-
ized ERAD substrates. TCR� is one of eight transmembrane
proteins thatmake up the TCR complex (�����2�2). This com-
plex is assembled in the ER and subsequently transported to the
cell surface where it plays a role in adaptive immune responses
(19–21). Failure to assemble a complete complex results in ER
retention and differential ERAD of the unassembled subunits
(22–24). TCR� is particularly susceptible to ERAD and under-
goes rapid degradation (t1⁄2 �1 h) when expressed alone in non-
T-cells (22, 25, 26). TCR� is a variable �38-kDa glycoprotein
composed of an extracellular immunoglobulin-like domain, a
single transmembrane span, and a cytosolic tail of only five
amino acid residues (Fig. 1A). An unusual feature of the TCR�
transmembrane domain is the presence of two basic residues,
arginine and lysine, which are conserved in different mamma-
lian species (Fig. 1A and supplemental Fig. S1). These residues
are important for assembly with other subunits of the TCR and
for targeting of the unassembled TCR� to the ERAD pathway
(27–30). Like other ERAD substrates, TCR� is polyubiquiti-
nated (31, 32), and its degradation requires a functional ubiq-
uitination machinery (33–36). However, the short TCR� tail
does not contain any lysine residues (Fig. 1A). Moreover, muta-
tion of all lysine residues in the extracellular domain ofTCR� to
arginine does not affect the degradation of the protein (26, 32).
This suggests that TCR� ubiquitination and degradationmight
be dependent on residues other than lysine.
We noticed that the cytosolic tail of TCR� has two serine

residues that are conserved in different mammalian species
(Fig. 1A and supplemental Fig. S1). Herein we report that these
residues are critical for TCR� ubiquitination and degradation.
In addition, we show that ubiquitination of TCR� is dependent
on HRD1, an ER-localized E3. These observations constitute
the first demonstration of the role of a cellular E3 in serine-de-
pendent ubiquitination leading to ERAD.

EXPERIMENTAL PROCEDURES

Reagents and Constructs—Monoclonal and polyclonal anti-
bodies to the HA epitope were from Covance (Berkeley, CA).
Polyclonal antibody to the Myc epitope was from Cell Sig-
naling (Danvers, MA). Polyclonal antibody to the FLAG
epitope was from Sigma. Monoclonal antibody to calnexin
was from BD Biosciences (San Jose, CA). MG132 was from
Calbiochem (Gibbstown, NJ). Alexa Fluor 488 goat anti-rab-
bit IgG and Alexa Fluor 555 goat anti-mouse IgG antibodies
were from Molecular Probes (Eugene, OR). ON-TARGET-
plus SMARTpool siRNA to human HRD1 (Cat. No. L-007090)
or non-targeting siRNA control (Cat. No. D-001810) were from
Dharmacon (Lafayette, CO).
To delete the last two residues (serine and leucine) from the

HA tag sequence of the original construct, TCR�-HA was
amplified by PCR using pcDNA3-TCR�-HA cDNA (a gift from

Y. Ye, NIDDK, National Institutes of Health) as a template and
subcloned into the KpnI and NotI sites of pcDNA 3.1(�).
TCR�-HA mutants were made using the QuikChange site-di-
rected mutagenesis kit (Stratagene, Cedar Creek, TX). Myc-
tagged Ub (Myc-Ub) and FLAG-tagged Ub (FLAG-Ub) were
subcloned into pCI-Neo and pcDNA 3.1(�), respectively. Wild-
type and RING-domainmutant ofMyc/His-taggedHRD1were
kind gifts from E. Wiertz (University Medical Center Utrecht,
Utrecht, Netherlands). Rabbit polyclonal antibody to HRD1
was previously described (37, 38). Allmutagenesis and subclon-
ing products were verified by DNA sequencing.
Cell Culture and Transfection—HeLa cells (American Type

Culture Collection, Manassas, VA) were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Mediatech, Manassas, VA)
supplemented with 100 units/ml penicillin, 0.1 mg/ml strepto-
mycin, 2 mM L-glutamine, and 10% (v/v) fetal bovine serum.
Cells were transiently transfected with the indicated plasmids
or siRNAs by using Lipofectamine 2000 or Oligofectamine,
respectively (Invitrogen, Carlsbad, CA).
In Vivo Ubiquitination Assay—Cell extracts were prepared

by incubating cells for 30 min at 4 °C in RIPA buffer supple-
mented with 5mMN-ethylmaleimide (Calbiochem) and 10mM

�-iodoacetamide (Calbiochem) to minimize deubiquitination
during extract preparation and with a protease inhibitors
mixture. Cell lysates were spun for 15 min at 20,000 � g, and
supernatants were recovered and mixed with an anti-HA
monoclonal antibody bound toproteinG-Sepharose (Amersham
Biosciences). Immunoprecipitates were eluted by mixing with
NuPAGE SDS sample buffer and heating at 85 °C for 10 min, and
further analyzed by SDS-PAGE and immunoblotting.
Cycloheximide Chase—Cells transiently expressing the pro-

teins of interest were left untreated or incubated in DMEM
containing 100 �g/ml cycloheximide (CHX) (Sigma) for 1 or
2 h. Then the cells were washed with ice-cold PBS and lysed
for 30 min at 4 °C in RIPA buffer (25 mM Tris-HCl, pH 7.5,
containing 100 mM NaCl, 1% (v/v) Nonidet P-40, 1% (w/v)
sodium deoxycholate and 0.1% (w/v) SDS) supplemented
with a protease inhibitors mixture (Sigma). Cell lysates were
spun for 15min at 20,000� g, and supernatants were recovered
andmixedwithNuPAGESDS sample buffer (Invitrogen). Sam-
ples were heated at 85 °C for 10 min, and proteins resolved on
NuPAGE Bis-Tris gels (Invitrogen). Immunoblot analysis was
performed as previously described (39). Horseradish peroxi-
dase-conjugated antibodies (Jackson ImmunoResearch Labo-
ratories, West Grove, PA) were detected using Western Light-
ning Chemiluminescence Reagent (PerkinElmer, Boston,
MA) and HyBlot CL autoradiography film (Denville Scientific,
Metuchen, NJ). Data analysis was performed using the Image J
software (NIH).
Endoglycosidase H (EndoH) andN-Glycosidase F (PNGase F)

Digestion—Cells transiently expressing the proteins of interest
were lysed in denaturing buffer (0.5% (w/v) SDS and 0.04 M

dithiothreitol) and heated at 100 °C for 10 min. For Endo H
digestion, samples were diluted with G5 buffer (New England
Biolabs, Ipswich,MA) to a final concentration of 50mM sodium
citrate, pH 5.5, before incubation with 500 U Endo H at 37 °C
overnight. For PNGase F digestion, samples were diluted with
G7 buffer (New England Biolabs) to a final concentration of 50
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mM sodium phosphate, pH 7.5, supplemented with 1% (v/v)
Nonidet P-40, before incubation with 500 units of PNGase F at
37 °C overnight. Samples were mixed with NuPAGE SDS sam-
ple buffer and further analyzed by SDS-PAGE and immuno-
blotting as described above.
Cell Fractionation—Cells transiently expressing the pro-

teins of interest were disrupted in homogenization buffer (10
mM Tris-HCl, pH 7.5, 250 mM sucrose with a protease inhib-
itors mixture) by 20 passages through a 23-gauge needle on
ice. Samples were centrifuged at 500 � g for 10 min at 4 °C,
and the resulting supernatants (postnuclear supernatant; PS)
were subjected to ultracentrifugation at 105,000 � g for 1 h
at 4 °C to obtain cytosolic (Cyt) and membrane (Memb) frac-

tions. For extraction experiments,
the membrane fraction was resus-
pended in 0.1 M Na2CO3 (pH 11.3)
or lysis buffer (50 mM Tris-HCl, pH
7.5, 150 mMNaCl, 5 mM EDTA, and
0.5% (v/v) Triton X-100) and then
incubated for 1 h at 4 °C. After the
incubation period, samples were
centrifuged at 105,000 � g for 1 h,
and supernatants were collected for
further analysis by SDS-PAGE and
immunoblotting.
Immunoprecipitation—Cell ex-

tracts were prepared by incubating
cells for 30min at 4 °C in lysis buffer
(50 mM Tris-HCl, pH 7.5, contain-
ing 150 mM NaCl, 5 mM EDTA, and
0.5% (v/v) Triton X-100), supple-
mented with a protease inhibitors
mixture. Cell lysates were spun for
15 min at 20,000 � g, and superna-
tants were recovered and mixed
with an antibody to the HA epitope
bound to protein G-Sepharose
(Amersham Biosciences). Immuno-
precipitates were eluted by mixing
with NuPAGE SDS sample buffer
and heating at 85 °C for 10 min, and
further analyzed by SDS-PAGE and
immunoblotting.
Immunofluorescence Microscopy—

Cells grown on coverslips and tran-
siently expressing the proteins of
interest were fixed with 4% (v/v)
paraformaldehyde in PBS for 30min
at room temperature. Fixed cells
were permeabilized with 0.1% (v/v)
Triton X-100 in PBS. Cells were
incubatedwith primary and second-
ary antibodies in blocking solution
(1% (w/v) bovine serum albumin in
PBS). Coverslips were mounted on
slides, and cellswere analyzedwith a
Zeiss LSM 510 laser scanning con-
focal microscope.

Statistical Analysis—Statistical analyses were carried out
using Prism 4.0 software (San Diego, CA). Groups were com-
pared using analysis of variance with Tukey’s post hoc analysis.
p � 0.05 was considered statistically significant.

RESULTS

Serine Residues in the Cytosolic Tail Are Required for Ubiq-
uitination and Degradation of TCR�—To analyze the mecha-
nism of ubiquitination of unassembled TCR�, we established
an in vivo system involving co-expression in HeLa cells of (i)
TCR� appended at its C terminus with an abbreviated HA-tag
(YPYDVPDYA) that does not contain any ubiquitinatable res-
idues (TCR�-HA), and (ii) Ub tagged at its N terminus with the

FIGURE 1. Mutation of two serine residues in the cytosolic tail of TCR� inhibits its ubiquitination and degra-
dation. A, amino acid sequence of the transmembrane domain and cytosolic tail of WT TCR� and its mutants. A
shortened HA tag (YPYDVPDYA) was appended to the C terminus of all constructs. Substituted residues are shown
in red. B, HeLa cells transfected with plasmids encoding the indicated TCR�-HA constructs with or without Myc-Ub
were left untreated or treated with 50 �M MG132 for 4 h at 37 °C. After lysis in RIPA buffer containing a protease
inhibitors mixture, N-ethylmaleimide and iodoacetamide, TCR�-HA was immunoprecipitated with anti-HA mono-
clonal antibody. Immunoprecipitates were analyzed by SDS-PAGE and immunoblotting (IB) with anti-HA and anti-
Myc polyclonal antibodies. Molecular masses of marker proteins (in kilodaltons) are indicated on the right. C, levels
of ubiquitinated TCR�-HA were quantified by densitometry, normalized to levels of non-ubiquitinated TCR�-HA,
and expressed as percent of WT TCR�-HA levels. Values represent the mean � S.E. from three independent exper-
iments. *, p � 0.05 versus WT. D, HeLa cells were transfected with plasmids encoding the indicated TCR�-HA con-
structs. After 24 h, the cells were left untreated or treated with 100 �g/ml CHX for the indicated time periods. Cell
lysates were prepared in RIPA buffer, and analyzed by SDS-PAGE and immunoblotting with an anti-HA monoclonal
antibody. E, TCR�-HA remaining at each time point was quantified and expressed as percent of TCR�present at time
0. Values represent the mean � S.E. from three independent experiments.
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Myc epitope (Myc-Ub). Cells co-expressing these constructs
were incubated with the proteasomal inhibitor MG132 to pre-
vent degradation of ubiquitinated TCR�-HA, and solubilized
with RIPA buffer containing the ionic detergents 0.1% (w/v)
SDS and 1% (w/v) deoxycholate to solubilize TCR�-HA while
releasing any associated proteins. Total TCR�-HAwas isolated
by immunoprecipitation with antibody to the HA epitope,
and ubiquitinated TCR�-HA was detected by immunoblot-
ting with antibody to the Myc epitope. Using this assay, ubiq-
uitinated TCR�-HA appeared as a broad smear centered at
�200 kDa on the immunoblots (Fig. 1B). The identity of this
smear as TCR�-HA was confirmed by complete denaturation
of cell lysate proteins at 100 °C in 1% (w/v) SDS and 10 mM

dithiothreitol prior to immunoprecipitation and immunoblot-
ting (data not shown). In all subsequent ubiquitination experi-
ments, the amount of ubiquitinated TCR�-HA was related to
that of non-ubiquitinated TCR�-HA (i.e. the major species) for
comparison of different constructs and conditions.
To determine if the five residues that make up the TCR�

cytosolic tail (RLWSS, residues 264–268, Fig. 1A) were re-
quired for ubiquitination, we mutated each of them to alanine
in the context of the TCR�-HA construct and tested them in
the in vivo ubiquitination assay. We observed that mutation of
Arg-264 (R264A mutant) had no effect, whereas mutation of
Leu-265 or Trp-266 (L265A andW266Amutants, respectively)
increased TCR�-HA ubiquitination by �3-fold (Fig. 1, B and
C). In contrast, mutation of Ser-267 or Ser-268 (S267A and
S268A mutants, respectively) decreased TCR� ubiquitination
to �50% (Fig. 1, B and C). The effects of the serine mutations
were additive, as their combined substitution (SS-AA mutant)
further reduced TCR�-HA ubiquitination to �30% relative to
the wild-type (WT) control (Fig. 1, B and C). Thus, the identity
of cytosolic tail residues determines the extent of TCR�-HA
ubiquitination, with the two serine residues being required for
the bulk of the ubiquitination. Next, we examined the degrada-
tion of TCR�-HA variants in transfected HeLa cells by per-
forming cycloheximide chase experiments. In agreement with
previous studies using untagged TCR�-HA (22, 25, 26), we
observed thatWTTCR�-HAwas degradedwith t1⁄2 �1h (Fig. 1,
D and E). Importantly, the mutants that were more ubiquiti-
nated (L265A andW266A)were degraded faster, whereas those
that were less ubiquitinated (S267A and S268A) were degraded
more slowly than WT TCR�-HA (Fig. 1, D and E). Combined
mutation of both S267A and S268A abrogated virtually all
TCR�-HA degradation over the time course of the experiment
(Fig. 1, D and E). These results indicated that ubiquitination
dependent on cytosolic tail residues determines the degrada-
tion rate of TCR�-HA.

Although combined mutation of Ser-267 and Ser-268 abol-
ishedTCR�-HAdegradation, themutant proteinwas nonethe-
less retained in the ER as a fully glycosylated species bearing
highmannoseN-linked chains, as evidenced by its sensitivity to
endoglycosidase H (Endo H) (supplemental Fig. S1B) and co-
localization with the ER-resident protein, calnexin (supple-
mental Fig. S1, C–H). Moreover, the mutant protein remained
integrally associated with the ER membrane, as shown by its
resistance to extraction with 0.1 M Na2CO3, pH 11.3 (supple-
mental Fig. S1I). These findings indicated that TCR�-HA has

additional determinants of ER retention and that the normal
topology of the protein is not altered by inhibition of ubiquiti-
nation and degradation.
Placement of Additional Cytosolic Serine Residues Enhances

TCR� Ubiquitination and Degradation—The experiments de-
scribed above revealed a requirement of the cytosolic Ser-267
and Ser-268 residues for ubiquitination and degradation of
TCR�-HA. To further examine the dependence of these pro-
cesses on cytosolic serine residues, we placed one to three addi-
tional serine residues by stepwise substitution of Trp-266, Leu-
265, and Arg-264, resulting in mutants bearing three to five
cytosolic serine residues (3-Ser, 4-Ser, and 5-Ser; Fig. 1A). We
observed that substitution of serine for Trp-266 (3-Ser mutant)
greatly increasedTCR�-HAubiquitination (Fig. 2,A andB) and
degradation (Fig. 2, C and D). Additional substitution of serine
for Leu-265 (4-Ser mutant) yielded a modest increase in
TCR�-HA ubiquitination (Fig. 2, A and B) and degradation
(Fig. 2, C andD), whereas placement of an additional serine for
Arg-264 (5-Ser mutant) had no further effect (Fig. 2, A–D).

FIGURE 2. Addition of serine residues to the cytosolic tail of TCR�
enhances its ubiquitination and degradation. A and B, ubiquitination of
WT TCR� and serine-addition mutants of TCR� (Fig. 1A) was determined as
described in the legend to Fig. 1, B and C. *, p � 0.05 versus WT. C and D, CHX
chase experiments and quantification were performed as described in the
legend to Fig. 1, D and E.
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In additional experiments, we inserted a single serine residue
in place of Arg-264, Leu-265, or Trp-266 in the context of a
construct with both Ser-267 and Ser-268 mutated to alanine
(R264S/SS-AA, L265S/SS-AA, and W266S/SS-AA; Fig. 1A).
We observed that R264S/SS-AA was more ubiquitinated than
SS-AA, indicating that serine residue at 264 can mediate ubiq-
uitination independently of Ser-267 and Ser-268. Moreover,
L265S/SS-AA and W266S/SS-AA were more ubiquitinated
than not only SS-AA, but also S267A and S268A (Fig. 3, A and
B). This indicated that placement of a single serine at position
265 or 266 results in even better ubiquitination of TCR�. As in
the previous experiments, there was a perfect correlation
between the extent of ubiquitination and the degradation rates
of the serine insertion mutants (Fig. 3, C and D). The depen-
dence of ubiquitination on the number and position of serine
residues strongly suggests that the serine residues themselves
are ubiquitinated. Alternatively, the cytosolic serine residues
could positively regulate ubiquitination of other residues on
TCR�. In any case, it is clear that this serine-dependent modi-
fication determines targeting of TCR�-HA for degradation.
Cytosolic Cysteine, Threonine, and Lysine Can Substitute

for Serine Residues in Mediating Ubiquitination and Degra-
dation of TCR�—In addition to serine residues, cysteine, thre-
onine, and lysine residues can also act as Ub-acceptor sites
(11, 12). To test whether these alternative residues could
functionally replace serine in our system, we substituted
cysteine, threonine, or lysine pairs for both Ser-267 and Ser-
268 (SS-CC, SS-TT, and SS-KKmutants, respectively; Fig. 1A),
and examined the effect of these substitutions on TCR�-HA
ubiquitination and degradation. We found that the SS-CC and
SS-TT mutants were ubiquitinated (Fig. 4, A and B) and

degraded (Fig. 4, C and D) to the
same extent as WT TCR�-HA. The
SS-KK mutant was ubiquitinated
(Fig. 4, A and B) and degraded (Fig.
4, C and D) even more efficiently.
The fact that cysteine can substitute
for serine residues further supports
the inference that ubiquitination
rather than some other modifica-
tion (e.g. serine phosphorylation)
mediates TCR�-HA targeting for
ERAD.
Two Basic Residues in the Trans-

membrane Domain of TCR� Are
Required for Degradation Though
Not Through Their Effect on Ubiqui-
tination—Targeting of unassembled
TCR� for degradation has long been
known to depend on two basic resi-
dues, Arg-248 and Lys-253, in the
transmembrane domain of the pro-
tein (27, 28). To determine whether
this dependence reflects a require-
ment of these residues for ubiquiti-
nation, we changed both Arg-248
and Lys-253 to leucine (R248L/
K253L mutant; Fig. 1A) and exam-

ined the ubiquitination status of the mutant protein. As ex-
pected, this double mutation abolished degradation of TCR�-
HA (Fig. 5A). Most of the mutant protein remained in the ER,
although a fractionmoved to theGolgi complex and underwent
processing to complex oligosaccharides, as revealed by treat-
ment with Endo H (Fig. 5B). Thus, structural determinants
other than the basic transmembrane residues (perhaps the
unassembled luminal domain) also contribute to TCR�-HA
retention in the ER. Remarkably, mutation of the basic trans-
membrane residues did not prevent ubiquitination; rather, the
recovery of ubiquitinated species was greatly increased, mainly
owing to the inhibition of degradation and higher steady-state
levels of the mutant protein (Fig. 5C). Therefore, the two trans-
membrane charged residues are not required for recruitment of
the ubiquitination machinery but must be involved in another
step of ERAD such as dislocation from the membrane. An
important corollary of these experiments is that ubiquitination
of TCR� is not sufficient for targeting to ERAD.
The HRD1 E3 Ub Ligase Mediates TCR� Ubiquitination—

What Ub ligase recognizes TCR� as a substrate, leading to
serine-dependent ubiquitination? The RING-type E3, HRD1,
was previously shown to mediate ERAD of TCR� (33, 34). In
accordance with this proposal, we observed that overexpres-
sion of WT HRD1 accelerated, whereas overexpression of an
inactive, RING domain (C1A) mutant, of HRD1, slowed degra-
dation of TCR�-HA (Fig. 6, A–C). These observations indi-
cated that HRD1 promotes TCR�-HA degradation by virtue of
its Ub-ligase activity. The C1A mutant of HRD1, but not WT
HRD1, coprecipitated with TCR�-HA (Fig. 6D). This differ-
ence could be due to the disparate levels of TCR�-HA (Fig. 6D)
resulting from the opposite effects of C1A and WT HRD1 on

FIGURE 3. Ubiquitination and degradation of TCR� mutants bearing single serine residues at differ-
ent positions within the cytosolic tail. A and B, ubiquitination of WT TCR� and single-serine insertion
mutants of TCR� (Fig. 1A) was determined as described in the legend to Fig. 1, B and C. *, p � 0.05 versus
SS-AA mutant. C and D, CHX chase experiments and quantification were performed as described in the
legend to Fig. 1, D and E.
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degradation (Fig. 6, A–C). Inhibition of degradation with
MG132 increased TCR�-HA coprecipitation with C1A HRD1
and revealed some coprecipitation withWTHRD1, but did not

completely eliminate the different levels of coprecipitation (Fig.
6E). Thus, HRD1 interacts with TCR�-HA in a manner such
that Ub-ligase activity promotes dissociation of the complex.
Despite the known role of HRD1 in TCR� degradation, prior

to our work there was no evidence that HRD1 mediated TCR�
ubiquitination. To address this issue, we performed in vivo
ubiquitination experiments in which WT or mutant TCR�-
HA, Myc-tagged WT or C1A HRD1, and FLAG-tagged Ub
were co-expressed in HeLa cells. In preliminary experiments,
we confirmed that FLAG-taggedUbbehaved asMyc-taggedUb
in the in vivo assay, with the added advantage that the FLAG tag
allowed greater sensitivity of detection (data not shown). Using
this experimental setup, we observed that WT HRD1 expres-
sion increased, whereas C1A HRD1 decreased, ubiquitination
of WT TCR�-HA relative to non-ubiquitinated TCR�-HA
(Fig. 7, A and C), consistent with a role of HRD1 in TCR�
ubiquitination. Similarly, ubiquitination of the R248L/K253L
mutant was enhanced by WT HRD1 and inhibited by C1A
HRD1 (Fig. 7, B and C). Co-precipitation experiments showed
that the R248L/K253L double mutant interacted with the C1A
and, to a lesser extent, WT forms of HRD1 (Fig. 6F), indicating
that the two basic residues in the transmembrane domain are
not required for recognition of TCR� by HRD1.

To confirm the involvement of HRD1 in TCR� ubiquitina-
tion, we tested the effect ofHRD1 knockdown by siRNA. Treat-
ment with HRD1 siRNA resulted in �60% decrease in HRD1
levels. We observed that ubiquitination (in relation to the non-
ubiquitinated protein) and degradation ofWTTCR�-HAwere
inhibited by knockdown of HRD1 (Figs. 8, A–D). Taken
together, these experiments indicated that HRD1 participates
in ubiquitination of TCR� to target the protein to ERAD.

DISCUSSION

The results presented here show that TCR� ubiquitination
and ERAD targeting are dependent on two serine residues, Ser-
267 and Ser-268, in the cytosolic tail of TCR�. Substitution of
these serine residues to alanine decreased ubiquitination of
TCR� (Fig. 1), whereas placement of additional serine residues
enhanced it (Figs. 2 and 3).Moreover, substitution of the serine
residues by other ubiquitinatable residues (i.e. cysteine, threo-
nine, or lysine) allowed ubiquitination to take place (Fig. 4).
These findings suggest that the serine residues themselves act
as the main ubiquitin acceptors. The fact that �30% of ubiq-
uitinated TCR� remains after mutation of both Ser-267 and
Ser-268 to alanines indicates that other residues, most likely in
the luminal domain, are also ubiquitinated. An alternative
explanation for the requirement of Ser-267 and Ser-268 would
be that these residues promote ubiquitination of residues else-
where in the protein. Distinguishing between these possibilities
will require the development of methods to detect ubiquiti-
nated serine species, which up until now have not been re-
ported for all other cases of presumed serine-ubiquitination
(11, 12, 16). In any case, the perfect correlation of serine-depen-
dent ubiquitination with degradation of the various TCR�
mutants suggests that this particular modification is the one
that mediates ERAD of TCR�.

The two serine residues are conserved in the cytosolic tails
of TCR� from all mammalian species, and none of these tails

FIGURE 4. Ubiquitination and degradation of TCR� bearing cysteine, threo-
nine, or lysine residues in place of serine residues in the cytosolic tail. A and
B, ubiquitination of WT TCR� and cysteine, threonine, or lysine substitution
mutants of TCR� (Fig. 1A) was determined as described in the legend to Fig. 1,
B and C. *, p �0.05 versus WT. C and D, CHX chase experiments and quantification
were performed as described in the legend to Fig. 1, D and E.

FIGURE 5. Ubiquitination is independent of two basic residues in the
transmembrane domain of TCR�. A, CHX chase experiments were per-
formed as described in the legend to Fig. 1D. B, lysates from HeLa cells trans-
fected with plasmids encoding WT TCR�-HA or R248L/K253L mutant were
left untreated or digested with Endo H or PNGase F before immunoblotting
with anti-HA monoclonal antibody. C, ubiquitination of WT and mutant TCR�
constructs (Fig. 1A) was determined as described in the legend to Fig. 1B.
Molecular mass markers (in kilodaltons) are indicated on the right.
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contain any lysine residues (sup-
plemental Fig. S1A). Thus, serine-
dependent ubiquitination is likely
a conserved mechanism for ERAD
of unassembled TCR� among mam-
mals. The �-subunit of the TCR
(TCR�) is also degraded when it
cannot assemble with other TCR
subunits (27, 40). TCR� fromdiffer-
ent mammalian species has a cyto-
solic tail of 5–7 amino acid residues
that contains 2–3 lysine residues
(supplemental Fig. S1A). Therefore,
unlike TCR�, TCR� might rely on
conventional lysine-ubiquitination
for targeting to ERAD. The conser-
vation of ubiquitinatable residues in
the cytosolic tails of TCR� and
TCR� ensures the disposal of these
proteins when other subunits of the
TCR complex are missing. Assem-
bly of the complete TCR complex
likely masks these residues, result-
ing in stabilization of the complex
and its ensuing transport out of the
ER and to the plasma membrane
(27).
The proteins Pex5p and Bid are

two examples of proteins for which
non-lysine ubiquitination is the key
modification leading to transport
and degradation, respectively (15–
17). MHC-I heavy chains are also
ubiquitinated on non-lysine resi-
dues in the cytosolic tail by the action
of the viral MIR1 and mK3 E3s (11,
12). However, MHC-I heavy chains
also contain lysine residues in their
cytosolic tails, and the individual
contribution of each type of residue
to ubiquitination has not been as-
sessed. Recently, Ube2j2 was identi-
fied as the primary cellular E2
recruited by the mK3 E3 ligase (14).
TheUbe2j2-mK3 pair preferentially
promotes ubiquitination of serine
and threonine residues even when
lysine residues are present on the
tail of MHC- I heavy chain (14).
Moreover, the E2 is the enzyme
that determines non-lysine ver-
sus lysine ubiquitination (14), the
length and topology of ubiquitina-
tion chains and the processivity of
the chain assembly reaction (41).
Both Ube2g2 (36) and Ube2j2 (35)
have been previously implicated in
the degradation ofTCR�, andmight

FIGURE 6. HRD1 Ub ligase interacts with TCR� and promotes its degradation. A–C, HeLa cells were trans-
fected with plasmids encoding WT TCR�-HA with or without WT or C1A mutant HRD1. CHX chase experiments
and quantification were performed as described in the legend to Fig. 1, D and E. D–F, HeLa cells transfected with
plasmids encoding WT TCR�-HA or R248L/K253L mutant with or without WT or C1A mutant HRD1 were left
untreated or treated with 50 �M MG132 for 4 h at 37 °C. After lysis, TCR�-HA was immunoprecipitated with
anti-HA monoclonal antibody. Lysates (5% input) and immunoprecipitates (IP) were analyzed by SDS-PAGE
and immunoblotting (IB) with anti-HA and anti-Myc polyclonal antibodies.

FIGURE 7. HRD1 Ub ligase mediates TCR� ubiquitination. A and B, HeLa cells were transfected with the
indicated constructs. Ubiquitination of TCR�-HA was determined in the absence of MG132 as described in the
legend to Fig. 1B with the exception of using anti-FLAG antibody instead of anti-Myc polyclonal antibody to
detect ubiquitinated TCR�-HA. C, ubiquitinated TCR�-HA levels were normalized to non-ubiquitinated
TCR�-HA levels. Values represent the mean � S.E. from three independent experiments. *, p � 0.05 versus
untreated with HRD1 cDNA (Control).
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therefore be the E2s that catalyze serine-dependent ubiquitina-
tion of TCR� for ERAD targeting.

Our studies have uncovered two other interesting properties
of serine-dependent ubiquitination. The first one is that resi-
dues neighboring the serines have an effect on the efficiency of
the reaction. Indeed, substitution of the non-ubiquitinatable
cytosolic tail residues Leu-265 and Trp-266 by alanine
enhanced the ubiquitination and degradation of TCR� (Fig. 1).
E3s are thought to act as scaffolds to bring Ub-charged E2 and
substrate into close proximity (42). The bulky hydrophobic side
chains of Leu-265 andTrp-266might therefore hinder access of
the E2-E3 complex to substrate serine residues. The second
interesting property of serine-dependent ubiquitination is its
relative independence of the exact position of the serine resi-
dues (Figs. 2 and 3), as is also the case for lysine-ubiquitination
(43–45).
Another important finding in our study is that ubiquitination

of TCR� is promoted by HRD1. This represents the first iden-
tification of a cellular E3 that can promote non-lysine-depen-
dent ubiquitination. HRD1 is a human homologue of Saccha-
romyces cerevisiae Hrd1p (34), which was originally identified
as an E3 that is responsible for sterol-regulated degradation of
Hmg2p, a yeast homologue of HMG-CoA reductase (46).
HRD1/Hrd1p is a multispanning membrane protein localized
to the ER, consisting of an N-terminal domain with six trans-
membrane spans and a C-terminal cytosolic domain with a

RING-H2 domain responsible for the transfer of Ub from the
E2 to the substrate (34, 47). In addition to Hmg2p, many other
proteins have been identified as substrates of HRD1/Hrd1p,
including mutants of carboxypeptidase Y (48), Ig-� (33), hun-
tingtin (49), and the Pael receptor (50). Although HRD1 has
been shown to be capable of targeting TCR� for degradation,
there was no evidence that it promoted ubiquitination of this
protein. In this study, we showed that expression ofWTHRD1
increased whereas RING-domain mutant of HRD1 decreased
the ubiquitination of TCR� (Fig. 7). Taken together, these ob-
servations suggest that HRD1 promotes serine-dependent
ubiquitination of TCR�, targeting the protein to ERAD. The
effects of manipulating HRD1 on TCR� ubiquitination, how-
ever, were not complete. It thus remains to be determined
whether HRD1 is uniquely and directly responsible for serine-
dependent ubiquitination of TCR�. In this regard, the gp78 Ub
ligase has also been shown to participate in TCR� ERAD (37).
Evidence of cooperation among E3s has been reported for ubiq-
uitination of other ERAD substrates (51).
Recently, Hrd1p was shown to recognize amisfolded protein

by virtue of its transmembrane domain (52). Since the two basic
residues in the transmembrane domain of TCR�, Arg-248 and
Lys-253, are required for degradation of the protein (27, 28), we
hypothesized that these residues could be recognized by the
transmembrane domain of HRD1. However, mutations of Arg-
248 and Lys-253 to leucine did not inhibit the ubiquitination
of TCR� (Fig. 5C). Furthermore, overexpression of HRD1
increasedwhereas overexpression of the RING-domainmutant
of HRD1 decreased the ubiquitination of the R248L/K253L
mutant (Fig. 7B). Thus, the two basic residues in the transmem-
brane domain of TCR� are not required for recognition by
HRD1; rather, they might be important for dislocation of the
protein from the membrane, perhaps by loosening interactions
with the lipid bilayer or allowing interaction with a putative
retrotranslocation channel.
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